An ideal Weyl semimetal with a single pair of Weyl points (WPs) may be generated by splitting a single Dirac point (DP) through the breaking of time-reversal symmetry by magnetic order.
Introduction
Discoveries of symmetry-protected topological states in condensed matter physics and materials science have attracted great interest. [1] [2] [3] [4] Among the different symmetries, maintaining time-reversal symmetry (TRS) Q is key to protecting many topological states, such as topological insulator (TI), because Q is antiunitary for electrons and maintains the degeneracy of Kramer pairs. Breaking TRS with magnetism can introduce other interesting topological states. For example, the quantum anomalous Hall effect (QAHE) has been realized in ferromagnetic TIs with magnetic dopants. 5 AFM-TIs have also been proposed 6 where an effective TRS can be defined by combining Q and non-symmorphic translation t 1/2 (S=Qt 1/2 ). The preservation of S can lead to topological Z 2 classification even though Q is broken. The surface states of an AFM-TI can either gap out or form a surface Dirac point (DP), depending on whether the surface orientation breaks or preserves S, with the former being proposed to host topological axion states 7 with quantized magnetoelectric effects. Very recently, such an intrinsic AFM-TI has been reported in MnBi 2 Te 4 . [8] [9] [10] TRS is also a key factor in topological semimetals where broken TRS can lift the degeneracy of bulk DPs into Weyl points separated in momentum space. Weyl points (WPs) were first proposed in noncollinear antiferromagnetic (AFM) pyrochlore iridates 11 and ferromagnetic (FM) HgCr 2 Se 4 12 , before they were realized in compounds with broken inversion symmetry (IS) P, such as TaAs [13] [14] [15] [16] and WTe 2 families [17] [18] [19] [20] [21] . However, bulk DPs can also exist in AFM systems, such as CuMnAs, due to the protection of the combined QP, although each of Q and P by itself is broken. 22 Clearly, the interplay of magnetism, crystalline symmetry, and topology provides a mechanism whereby magnetism can be used to control topological states.
For topological semimetals, a major challenge is to discover a material with a single pair of WPs Thus, a FM semimetal hosting the ideal case of a single pair of WPs has not been found yet. A better starting place to search for such an ideal semimetallic system is an AFM-DP semimetal or AFM-TI with a very small band gap. 23, 24 A recent study of the AFM semimetal EuCd 2 As 2 found that a single pair of AFM-DP is protected by SP combination. 23 EuCd 2 As 2 is AFM with a Neel temperature of 9.5 K 25, 26 and strong coupling is observed between transport and magnetism 27 .
Resonant x-ray scattering measurements by Rahn et al. 24 have shown that the ground state magnetic structure of EuCd 2 As 2 is an A-type AFM with moments aligned in the hexagonal layer.
The A-type order with in-plane moments breaks the 3-fold rotational symmetry and turns AFM-DP into an AFM-TI state with a band gap of 10 meV. Additionally, Hua et al. 23 showed that each of the AFM-DPs can also be split into a pair of triply degenerate nodal points (TDNPs) when breaking P. (1) the DPs should be close to the BZ center and (2) the exchange splitting must be large enough to push two WPs from the opposite side of G point to merge and annihilate, while the other pair of WPs survive by being pushed away from the G point.
Computational Methods
All density functional theory 29, 30 (DFT) calculations with and without spin-orbit coupling (SOC)
were performed with the PBE 31 exchange-correlation functional using a plane-wave basis set and projector augmented wave 32 state AFMAa configuration found experimentally 24 . Starting with the AFMAc band structure ( Fig.1(a) ), there is a sizable gap between valence and conduction bands along all the highsymmetric directions except near G. The zoom in along GA in Fig.1(c) shows the band inversion between Cd s and As p derived orbitals near G. For AFMAc, the crossing is not gapped out due to the protection from the 3-fold rotational symmetry similar to a class-I 44 DP in a non-magnetic system, resulting in a pair of AFM-DPs at (0.0, 0.0, ±0.004 Å -1 ). When the magnetic moments are oriented along a ( Fig.1(d) ) for AFMAa, the AFM-DPs are gapped out by breaking the 3-fold rotational symmetry and the system becomes an AFM-TI. Hua et al. 23 If the AFMAa ground state can be switched into a FMc configuration, then S will be broken and the double degeneracy will be lifted. Rahn et al. 24 have shown that the saturation magnetic field to stabilize FM along c axis is about 1.5 T at 2 K. In Fig.1(e) , we show that yet another interesting topological feature, a single pair of WPs, will emerge in the FMc state. This is a unique feature due to the half-metallic nature of the system (see below). The Berry curvature calculation in Normally, we expect that one pair of DPs will split into two pairs of WPs when breaking Q or, in our case, S. Where does the other pair of WPs go in EuCd 2 As 2 ? To clarify why and how a single pair of FM-WPs can arise from a single pair of AFM-DPs in EuCd 2 As 2 upon breaking S, we present the evolution of band structures along GA direction in Fig.3 for different magnetic configurations.
Results and Discussion
First, we turn off the magnetism in EuCd 2 As 2 by treating the Eu 4f orbitals as core electrons. The system retains both Q and P symmetries. The non-magnetic band structure without SOC is shown in Fig.3(a) . It is a semiconductor with a band gap of 200 meV. The valence band has orbital degeneracy of As p x and p y , thus is 4-fold degenerate when spin degeneracy is included. The conduction band is derived from Cd s orbital and has 2-fold degeneracy from spin. Turning on SOC in Fig.3(b) , the orbital degeneracy between As p x and p y is lifted, but still maintains 2-fold degeneracy from spin because of Q and P. The band gap is reduced to 100 meV.
For AFMA with 4f moment on Eu atoms and the unit cell doubled along c axis, Q is broken, but S is not broken. The combination of S and P still gives 2-fold degeneracy for a general k-point.
Comparing Fig.3(c) to Fig.3(a) (without SOC) and Fig.3(d) to Fig.3(b) (with SOC), the main effect of AFMAc order is a band folding due to doubling of the unit cell along c. Without SOC in Fig.3(c) , 
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We now consider the case for FM order, where S is broken and the 2-fold spin degeneracy is lifted. Without SOC, comparing Fig.3(e) to Fig.3(a) , there is a large exchange splitting effect, giving two sets of bands, spin up and down. This results in a unique half-metallic feature where only the spin-up valence and conduction bands cross each other at E F , while the spin-down bands do not cross and maintain a gap. This crossing between the spin-up valence and conduction bands is a TDNP because the valence band has the 2-fold orbital degeneracy between As p x and p y . When SOC is turned on for the FMc configuration in Fig.3(f) , both the orbital and spin degeneracies are fully lifted, and the 4-fold degenerate valence band in Fig.1 (a) now becomes four individual bands.
The spin and orbital degeneracies of other bands (including the conduction band) are already fully lifted by the broken S in the FM state. The crossing of half-metallic spin-up valence and conduction bands near G is preserved with SOC. Importantly, the degeneracy of this crossing is reduced from three for TDNP to two, thus generating a WP.
The connection between the AFM-DPs (Fig.3(d) ) and the FM-WPs (Fig.3(f) ) can be understood by unfolding the bands and then lifting the spin degeneracy due to the breakdown of (SP) 2 =-1.
The usual scenario of a single DP splitting into two WPs does not work here because of the halfmetallicity. Or equivalently, the WP closer to G can merge with another WP of the opposite chirality from the other side of G and annihilate to form a gap.
To get a more generic picture of splitting a single pair of DPs into a single pair of WPs in a halfmetal, we introduce the relevant low-energy Hamiltonian. We start with the 4-band k.p model for AFM-DP in EuCd 2 As 2 with # In Fig.4 , we plot the bands from the low-energy effective Hamiltonian (Eqn. (2)) with different values of ℎ ( and ℎ % . When ℎ ( = ℎ % = 0 in Fig.4(a) , we have a 4-fold degenerate AFM-DP due to the combined SP. When S is broken with ℎ ( =3.0 meV and ℎ % =0 in Fig.4(b) , a pair of FM-WPs split from the AFM-DPs. By increasing ℎ % such that ℎ ( = ℎ % = 3.0 meV in Fig.4(c) , two TDNPs are produced because the valence band is 2-fold degenerate, but not the conduction band. An increase of ℎ ( to 6.0 meV in Fig.4 
Conclusion
In conclusion, first-principles band structure calculations show that The color scheme of the intensity from high to low is red, white and blue. 
